Infectious factors
Several findings suggest a link between enteroviruses and IDDM. (a) In 1968 Craighead and McLane [4] reported the induction of hyperglycaemia and lesions of the pancreatic islets of Langerhans in mice infected with encephalomyocarditis virus (EMCV), a Picornavirus belonging to the cardiovirus group. (b) Gamble et al. [5] reported higher titres of antibodies to coxsackie B4 virus infection, a Picornavirus belonging to the enterovirus group, within 3 months of onset of IDDM when compared to patients with diabetes of longer duration. This led to a case-control study of neutralizing antibodies to coxsackie B viruses (serotypes B1-B5) of 162 diabetic patients compared with 319 non-diabetic hospitalized patients matched for age and time of year. They found 70 % of diabetic patients with coxsackie B4 antibodies compared to 58 % in the control group (p < 0.01). They found no differences for other infectious agents, including influenza, measles, mumps, and Mycoplasma pneumoniae [6] . (c) Yoon et al. [7] reported a 10-year-old previously healthy boy who presented in diabetic ketoacidosis within 3 days of onset of flu-like symptoms. He died seven days later. Coxsackie B4 virus was isolated from the pancreas at post mortem examination. Inoculation of the virus into mice produced hyperglycaemia, inflammatory cells in the islets of Langerhans and beta-cell necrosis [7] . (d) A seasonal variation of diabetes has been noted for several decades with peak incidence of IDDM in autumn and early winter [8] . The peak incidence of enteroviral infections occurs in late summer and early fall. Table 1 shows the study sites, sample sizes, basic study design (control selection), enteroviral serotypes studied and general results of 18 seroepidemiologic studies identified by literature review. Eleven of the studies found a positive association with specific Diabetologia (1997) 40: 1235-1240 
For debate
Could the aetiology of IDDM be multifactorial? coxsackie viruses and/or a greater frequency of positive serotests for several enteroviruses when comparing cases and control subjects [5, 6, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Several of the 'negative' studies deserve comment. The Irish study [9] included non-insulin-dependent diabetic patients among its 'cases'.Two German studies [12, 17] had no control subjects and concluded that coxsackie viruses could not be the aetiologic agent because they could not find evidence of infection in 100 % of cases. Another study tested for antibodies to only three coxsackie serotypes out of 67 known distinct serotypes of enteroviruses [13] .
In the largest and most recent case-control study evaluating the associations of enteroviruses and IDDM, investigators collected sera from 128 newly diagnosed IDDM patients and 120 hospitalized endocrinology patient-control subjects matched for age, sex, and date of blood sampling [24] . Sera were tested for IgM monoclonal antibody-based capture enzyme immunoassays for 14 enteroviral serotypes. Overall, 89 % (114/128) of diabetic patients and a similar 87 % (104/120) of control subjects tested positive to one or more viral serotypes. However, diabetic patients had higher rates for each of the 14 serotypes (p < 0.05 for 8/14 serotypes). The 144 diabetic patients tested positive to a median of 4 serotypes (range [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] whereas the 104 control subjects tested positive for a median of 3 serotypes (p = 0.03). Diabetic children 13-18 years of age were more likely than control subjects to be positive for 9 of 14 serotypes (p < 0.05). Diabetic children 10-12 years old were more likely than control subjects to be positive for echovirus 34 (p = 0.02), and diabetic children 1-9 years of age were more likely than control subjects to have antibodies to enterovirus 71 (p = 0.02) [24] .
Nutritional factors
Breast-feeding. In 1984, Scandinavian researchers suggested that there was an inverse relationship between duration of breast-feeding and IDDM. They proposed that breast-feeding provides maternal antibodies to prevent diabetogenic infections [25] . Three studies from Italy, New York, and the United Kingdom failed to support the hypothesis [26] [27] [28] .
Twelve case-control studies of breast-feeding and/ or early infant diets and IDDM were identified and reviewed; seven reported an association between breast-feeding duration and/or 'early' exposure to animal protein and subsequent development of IDDM ( Table 2 ). The associations found in those studies suggesting a link to duration of breast-feeding are marginal with odds ratios in the 1.4 to 1.8 range [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
There are numerous limitations in interpreting those data. It is difficult to reconstruct breast-feeding practices of mothers several years prior to interview because of recall bias. The studies vary in sample sizes, breast-feeding and nutritional history questionnaires, and in control selection. However, it is intriguing that most studies suggest some association between early feeding habits of infants and subsequent development of IDDM.
Childhood nutrition. Several epidemiologic observations suggest that 'enhanced' nutrition during childhood and adolescence predisposes one to IDDM. (a) A reduced incidence of diabetes was observed in Germany and Sweden during World War II [36] . (b) Studies in Finland and Estonia show large differences in incidence rates between two genetically similar populations and suggest a relationship between higher socioeconomic status in Finland and IDDM [37] . Children in the highest socioeconomic echelon are at least equally represented among diabetic patients in the United Kingdom [38] ; and whites had higher rates of IDDM than African-Americans in Allegheny County, Pennsylvania [39] . (c) The increase in IDDM among migrant populations in Polynesia and Micronesia suggest a relationship to nutritional status [40] .
(d) Swedish paediatricians reported an association between high linear growth rates among children and an increased risk of IDDM [41] . (e) A case-control study among Swedish children found an association between high protein content and high nitrosamine content in the diet and increased risk of IDDM [3, 42] . The Swedish Childhood Diabetes Study was established to evaluate risk factors for IDDM and included a study of different nutrients and food additives. An official Swedish population register traced 339 children aged 0-14 years who had recently developed IDDM and 528 control children matched for age, sex, and county of residence. Their parents filled out questionnaires regarding their children's frequency of consumption of various foods. Foods were classified according to their content of protein, fat, carbohydrates, sugars, nitrosamines, nitrates and nitrites, vitamin C, and fibre. The frequency of intake was categorized as high, medium, and low. Perinatal events, breast-feeding history, and aspects of social environments were also evaluated [3] .
The Swedish investigators found a dose-response relationship between the frequency of intake of foods rich in meat protein, complex carbohydrates, nitrosamines and nitrates/nitrites and IDDM. Increased milk consumption was not associated with IDDM [1, 42] . Further analysis of the Swedish data led to exploration of possible determinants of IDDM assuming a multifactorial model. A ten-fold increase in risk was observed when a variable measuring infectious disease in the last year was combined with a measure of frequency of consumption of foods containing nitrosamines [3] . This report is the first suggesting a viralnutritional interaction as the aetiology of IDDM.
Animal study. An epidemic of IDDM in an area of Iceland known for its traditional feasts of nitrosamine-containing foods, particularly smoked mutton, led to animal challenge studies with those foods. Helgason et al. [43] supplemented the diet of parent CD1 mice with Icelandic mutton cured with nitrate and nitrite before mating and during pregnancy, and the diet of offspring from day 19 until killing 1-5 weeks later. Thirty-five of 302 (12 %) progeny in the experimental group developed glucose intolerance and insulinopenia compared with none of 106 progeny of mice fed standard Oxoid RM1 pellets. Histologic changes in pancreatic beta cells were noted in the diabetic progeny mice.
Toxic factors
Chemical toxins can produce IDDM in humans. Some poison pancreatic beta cells directly; others trigger an autoimmune process [1, 44] . There have been over 300 case reports of IDDM, over 250 in Korea, following accidental and/or intentional ingestion of Vacor, a rat poison containing the active ingredient, N-3-pyridylmethyl-N′-p-nitrophenyl urea. Survivors show sustained IDDM [1, 45] . Several other chemicals can sporadically cause mild hyperglycaemia and glucose intolerance, including calcium channel blockers, cimetidine, corticosteroids, indomethacin, pentamidine, and vincristine [1, 44] . Two animal models of toxin-induced IDDM exist. In 1943, alloxan was the first diabetogenic toxin discovered. Alloxan toxicity specific to the pancreatic beta cell is almost universal among vertebrates [1, 46] . Streptozotocin is a wide-spectrum antibiotic and a nitrosamide. Streptozotocin selectively destroys the pancreatic beta cells in several mammals. The toxicity is dose-dependent. With chronic exposure to lower doses of streptozotocin, an autoimmune phenomenon develops leading to beta-cell destruction and gradual onset of diabetes. With single high doses of streptozotocin in rats, the beta cells of the pancreas are selectively degranulated after a few hours, then necrosed. An initial transient hypoglycemia is followed by rebound hyperglycaemia, and eventually insulinopenia and ketosis [1, 47] .
Discussion
I postulate that the cause or triggering exposures for the cascade of immunologic events leading to IDDM is a complex, yet-to-be-identified interaction between enteroviral infection and nutritional factors in susceptible hosts. The concept of interactions of viruses and chemicals leading to specific diseases is not new. In 1938, Rous and Kidd [48] showed that rabbits developed a greater number and a different appearance of tumours following exposure to tar and papillomavirus than when they were exposed to either agent alone. In 1984 Micha Levy [49] proposed that underlying viral diseases may increase patients' susceptibility to adverse drug reactions by altering the metabolism of drugs. The best known example of a modification of drug effects occurring in virus-infected individuals leading to disease is probably Reye's syndrome. Initially investigators speculated that Reye's syndrome represented either a new viral disease or an adverse reaction to salicylates. Although the mechanisms by which salicylates and varicella-zoster and influenza B viruses interact to produce Reye's syndrome are still not clear, publicizing the epidemiologic association of aspirin with this syndrome led to a marked decrease in salicylate use for febrile children and a concomitant decrease in the incidence of the disease [50] .
If IDDM is triggered by an enteroviral-protein/nitrosamine interaction in the gut, several prevention strategies could prove useful. (a) Enteroviral vaccines could be developed for many serotypes and tested in high-risk populations. Increasing handwashing by food handlers and diners, especially toddlers and children, should reduce enteroviral infections. (b) Heavy protein/nitrosamine dietary intake should be discouraged, especially during and for several weeks after any febrile illness. There may be ways to prepare foods to decrease their content of the yet-to-bediscovered offending dietary factor. (c) Breast-feeding should be encouraged. Delayed introduction of animal protein in the diet of infants may prove beneficial. (d) Daily vitamin supplements may be protective, especially during acute febrile illness.
More research on the aetiology of IDDM is warranted. This hypothesis is only one of several possible combinations of environmental factors associated with IDDM. One way to support a role for an individual factor in causation would be to develop and test an intervention strategy. Animal models challenged with various combinations of factors may provide useful information. Surveillance for enteroviral infections and incidence of IDDM should be monitored in several developed and developing countries. Advancements in measures for enteroviral infections should be incorporated into study designs [51] . Anthropologic studies of the cultural differences in diet, eating habits, and handwashing practices before eating may yield information germane to explaining the different rates of IDDM across countries. More studies of dietary intake of diabetic patients before diagnosis is warranted. Concentrated studies in Iceland and other areas where the incidence of IDDM is high should be pursued.
Identifying the aetiology of a multifactorial disease requires co-operation and communication across several scientific disciplines. However, if the pathways can be elicited, it may lead to ways to prevent and treat a disease which results in significant morbidity and mortality worldwide.
